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METHODS, ASSAYS, AND KITS FOR EVALUATING THE PERFORMANCE 
OF ENGINEERED LIVER TISSUE CONSTRUCTS 


FIELD OF THE INVENTION 


[0001] This application relates to engineered liver tissue constructs, such as three- 
dimensional bioprinted liver tissue constructs, as well as methods, assays, and kits for 


evaluating the performance of the constructs. 


BACKGROUND OF THE INVENTION 


[0002] Conventional cell therapy and conventional tissue engineering approaches to 
treating liver diseases and injury are limited by low cell retention, poor engraftment, poor 
graft durability, and complications such as portal hypertension. U.S. Patent Nos. 
9,222,932 and 9,442,105 provide examples of three-dimensional bioprinted liver tissue 
constructs developed by Organovo, Inc. (San Diego, California) for overcoming the 
complications and limitations of prior cell therapy and tissue engineering approaches, and 
are incorporated herein by reference. These bioprinted liver tissue constructs have the 
potential for broad clinical applicability ranging from treatment of inborn errors of 
metabolism to acute or chronic liver failure. For example, Organovo, Inc. demonstrated 
efficacy in a mouse model of alpha-1 antitrypsin deficiency (AATD), an inborn error of 
metabolism. 

[0003] As engineered liver tissue constructs move forward towards human testing and 
therapies, there is a need for clinically translatable biomarkers for use in monitoring the 
performance of the constructs, including in vitro, pre-implantation, and post-implantation 
performances. While circulating exosomal RNAs (exRNAs) have been previously 
identified as potential biomarkers for liver regeneration after partial hepatectomy in mice 
(Yan et al., PLOS ONE 11(7):e0155888 (2016)), hepatocyte injury in alcoholic, drug- 
induced and inflammatory liver disease (Bala et al., Hepatology 56(5):1946-1957 
(2012)), and hepatocellular carcinoma (HCC) (Kogure et al., Hepatology 54(4):1237- 
1248 (2011)), there is an unmet need for biomarkers for evaluating the performance of 
engineered liver constructs, such as during in vitro culture (e.g., as pre-operative criteria 
for selecting suitable constructs for implantation) or following implantation into a patient 


(e.g., aS post-operative criteria for determining efficacy of the implant). 
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BRIEF SUMMARY OF THE INVENTION 


[0004] In one aspect, methods for evaluating post-implantation performance of an 
implanted engineered liver tissue construct іп a subject are provided, comprising: 
obtaining a pre-implantation blood sample and a post-implantation blood sample from the 
subject; measuring expression of exosomal RNA (exRNA) comprising miR-122 and miR- 
181a in the pre-implantation and post-implantation blood samples; and evaluating post- 
implantation performance of the construct, wherein an effective post-implantation 
performance comprises an increased expression of miR-122 and miR-181a in the post- 
implantation blood sample as compared to the pre-implantation blood sample. 

[0005] In some embodiments, the exRNA further comprises miR-152 and an effective 
post-implantation performance further comprises increased expression of miR-152 in the 
post-implantation blood sample as compared to the pre-implantation blood sample. 

[0006] In some embodiments, the method further comprises measuring the concentration 
of albumin in the pre-implantation and the post-implantation blood samples, and an 
effective post-implantation performance further comprises increased concentration of 
albumin in the post-implantation blood sample as compared to the pre-implantation blood 
sample. 

[0007] In some embodiments, the expression of miR-122 and miR-181a in the post- 
implantation blood sample is dose responsive to the number of implanted constructs. 

[0008] In some embodiments, the post-implantation blood sample comprises multiple 
samples obtained over a period of time. In some embodiments, an effective post- 
implantation performance comprises: an increase in the expression of miR-122 and miR- 
181a in a post-implantation sample within about 7 days after implantation of the 
construct, followed by normalization in the expression of miR-122 and miR-181 ша 
post-implantation sample within about 28 days after implantation of the construct. 

[0009] In some embodiments, the method further comprises implanting an additional 
engineered liver tissue construct based on the evaluation in order to obtain or further 
increase an effective post-implantation performance. 

[0010] In some embodiments, the blood samples are serum or plasma samples. 

[0011] Іп some embodiments, the construct comprises а three-dimensional bioprinted 
human liver tissue construct. In some embodiments, the three-dimensional bioprinted 


human liver tissue construct comprises an interior comprising parenchymal cells and a 
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border comprising non-parenchymal cells, the parenchymal cells comprising human 
hepatocytes or human hepatocyte-like cells. 

[0012] In some embodiments, the subject has a liver disorder. In some embodiments, the 
liver disorder is an inborn error of metabolism (IEM), and the IEM is alpha-1 antitrypsin 
deficiency (AATD). 

[0013] In one aspect, methods for evaluating performance of an engineered liver tissue 
construct are provided, comprising: (a) preparing an in vitro sandwich culture comprising: 
incubating a layer of cells comprising mammalian hepatocytes in contact with an 
engineered liver tissue construct; (b) obtaining a sample of supernatant from the in vitro 
sandwich culture and a sample of supernatant from a control culture comprising the layer 
of cells without the construct or the construct without the layer of cells; (c) measuring the 
expression of an exRNA comprising miR-122 in the samples; and 
(d) evaluating the performance of the construct, wherein an effective performance 
comprises an increased expression of miR-122 in the sample from the in vitro sandwich 
culture as compared to the sample from the control culture. 

[0014] In some embodiments, the exRNA further comprises miR-21, miR-181a, miR- 
152, or a combination thereof, and wherein the expression of miR-21, miR-181a, miR- 
152, or a combination thereof is dose responsive to the number of constructs in the in 
vitro sandwich culture. 

[0015] In some embodiments, the method further comprises measuring the concentration 
of albumin in the samples, wherein an effective performance comprises an increased 
concentration of albumin in the sample from the in vitro sandwich culture as compared to 
the sample from the control culture. 

[0016] In some embodiments, the sample from the in vitro sandwich culture comprises 
multiple samples obtained at over a period of time. In some embodiments, an effective 
performance comprises an increase in the expression of miR-122 in the sample from the 
in vitro sandwich culture within about 3 days of incubation, followed by normalization of 
expression of miR-122 in the sample from the in vitro sandwich culture within about 7 
days of incubation. 

[0017] In some embodiments, the construct 15 a three-dimensional bioprinted human liver 
tissue construct. In some embodiments, the three-dimensional bioprinted liver tissue 


construct comprises an interior comprising parenchymal cells and a border comprising 
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non-parenchymal cells, the parenchymal cells comprising human hepatocytes ог human 
hepatocyte-like cells. 
[0018] In some embodiments, the hepatocytes in the layer of cells comprise diseased 


and/or healthy hepatocytes. 


[0019] In some embodiments, the hepatocytes in the construct comprise diseased and/or 
healthy hepatocytes. 
[0020] In some embodiments, the hepatocytes are from a subject with a liver disorder. In 


some embodiments, the liver disorder is an IEM, and the IEM is AATD. 


BRIEF DESCRIPTION OF THE DRAWINGS 


[0021] Figs. 1A-1B illustrate the implantation of an exemplary three-dimensional 
bioprinted therapeutic liver tissue ("BTLT") construct into a mouse, with Fig. 1A 
showing placement of the construct at the tip of the left liver lobe and Fig. 1B showing 
the construct sutured to the liver. 

[0022] Fig. 2 illustrates the implantation of two exemplary BTLT constructs into a 
mouse, with the individual sutured constructs indicated by number. 

[0023] Figs. 3A-3B illustrate the in vivo profiling of serum expression levels (fold 
change, Log2FC) of exosomal ribonucleic acids (^exRNAs") miR-122, miR-126, miR- 
152, miR-181a, miR-192, miR-1, and miR-13 1a in a mouse at day 7 (Fig. 3A) and day 28 
(Fig. 3B) post-implantation of an exemplary BTLT construct as compared to a sham- 
operated mouse (“placebo”). 

[0024] Fig. 3C depicts the concentration of human albumin (ng/ml) in the serum of the 
implanted mouse of Figs. 3A-3B for up to 91 days post-implantation as compared to a 
sham-operated control mouse. 

[0025] Figs. 4A-4B illustrate the in vivo profiling of human albumin concentration 
(ng/ml) (Fig. 4A) and expression levels of exRNAs miR-152, miR-181a, miR-122, and 
miR-21 (Fig. 4B) in the serum of mice implanted with one (1) or two (2) exemplary 
BTLT constructs. exRNA expression levels in Fig. 4B are shown as fold change 
(Log2FC) over 1 BTLT. 

[0026] Figs. 5А-5С illustrate multi-well plates with one (1) (Fig. 5A), two (2) (Fig. 5B), 
and three (3) (Fig. 5С) exemplary BTLT constructs per well. 

[0027] Figs. 6A-6B illustrate the in vitro profiling of human albumin concentration 


(ng/ml) (Fig. 6A) and expression levels of exRNAs miR-152, miR-181a, miR-122, and 
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miR-21 (Fig. 6B) іп the culture media from individual wells of a multi-well plate 
containing (1), two (2), or three (3) exemplary BTLT constructs per well. exRNA 
expression levels in Fig. 6B are shown as fold change (Log2FC) over 1 BTLT. 

[0028] Figs. 7A-7B illustrate the in vitro profiling of cell viability (%) іп exemplary 
BTLT constructs (Fig. 7A), and expression levels of exRNAs miR-122, miR-152, and 
miR-21 (Fig. 7B) in the culture media of exemplary BTLT constructs, following 
treatment with 0, 2.5, 5, 10, or 20% dimethyl sulfoxide ("DMSO"). Cell viability in Fig. 
ТА and exRNA expression levels (Log2FC) in Fig. 7B are relative to the cell viability 
and exRNA expression levels, respectively, in a BTLT construct cultured in media 
containing 0% DMSO. 

[0029] Fig. 8 illustrates the in vitro profiling of cell viability (%) in an exemplary BTLT 
construct, a construct containing the nonparenchymal cell border of the BTLT construct 
but lacking a hepatocyte fill ("NPC" construct), and a construct containing the hepatocyte 
fill of the BTLT construct but lacking the nonparenchymal cell border (“ЕШ” construct), 
following treatment with 0, 2.5, 3.25, 5, 7.5, or 10% DMSO. 

[0030] Figs. 9A-9C illustrate the in vitro profiling of alanine transaminase ("ALT") 
activity (mU/mL) in the culture media of BTLT (Fig. 9A), NPC (Fig. 9B), and Fill (Fig. 
9C) constructs following treatment with 0, 2.5, 3.25, 5, 7.5, or 10% DMSO for 2, 8, 24, or 
72 hours. 

[0031] Fig. 10A-10C illustrate the in vitro profiling of lactate dehydrogenase (“LDH”) 
activity (mU/mL) in the culture media of BTLT (Fig. 10A), NPC (Fig. 10B), and Fill 
(Fig. 10C) constructs following treatment with 0, 2.5, 3.25, 5, 7.5, or 10% DMSO for 2, 
8, 24, or 72 hours. 


[0032] Fig. 11 illustrates a plot of LDH activity (mU/mL) from Figs. 10A-C versus cell 
viability (%) from Fig. 8 for BTLT, NPC, and Fill constructs. 
[0033] Fig. 12А-12В illustrate the in vitro profiling of expression levels for exRNAs 


miR-122, miR-152, and miR-181a in the culture media of BTLT, Fill, and NPC 
constructs following treatment with 0, 3.25, or 10% DMSO for 24 hours (Fig. 12A) or 72 
hours (Fig. 12B). exRNA expression levels are shown as fold change (Log2FC) over 
constructs treated with 0% DMSO. 

[0034] Fig. 13A-13B illustrate the in vitro profiling of albumin concentration 
(ng/mL/million cells) in the culture media of BTLT (Fig. 13A) and Fill (Fig. 13B) 
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constructs following treatment with 0, 2.5, 3.25, 5, 7.5, or 10% DMSO for 2, 8, 24, or 72 
hours. 

[0035] Fig. 14 illustrates a plot of albumin concentration (ng/mL/million cells) from 
Figs. 12A-12B versus cell viability (%) from Fig. 8 for BTLT and Fill constructs. 

[0036] Fig. 15A illustrates an in vitro sandwich culture containing a liver tissue construct 
on top of a layer of cells comprising mammalian hepatocytes. 

[0037] Fig. 15B illustrates the expression level of exRNA miR-22 in culture media after 
72 hours and 1 week of culturing: a sandwich culture containing an exemplary BTLT 
construct on top of a layer of mouse hepatocytes, a layer of mouse hepatocytes, an 
exemplary BTLT construct, and a reverse sandwich control containing a layer of mouse 
hepatocytes on top of an exemplary BTLT construct. exRNA expression is shown in 
arbitrary units. 

[0038] Fig. 16 illustrates the in vitro profiling of cell viability (%) of exemplary BTLT 
constructs cultured under normal conditions (“negative control”) and after protocol 
deviations during production of the BTLT including excessive pipetting when preparing 
the hepatocyte fill (“excessive pipetting”), culturing for 4 hours at room temperature (“4 
hr RT hold”), culturing for 4 hours without media (“4 hr no media hold”), and culturing in 
10% DMSO (“positive control”). The cell viability is shown relative to cell viability of 
the negative control. 

[0039] Figs. 17-21 illustrate the in vitro profiling of expression levels of exRNAs miR- 
122, miR-126, miR-21, and miR-181a in culture media at 4, 24, 48, and 72 hours after 
culturing the negative control (Fig. 17), excessive pipetting (Fig. 18), 4 hour room 
temperature hold (Fig. 19), 4 hour no media hold (Fig. 20), and positive control (Fig. 21) 
constructs as described in Fig. 16. exRNA expression levels are shown in arbitrary units. 

[0040] Fig. 22 illustrates the in vitro profiling of LDH activity (mU/mL) in culture media 
at 4, 24, 48, and 72 hours after culturing the negative control, 4 hour room temperature 
hold, excessive pipetting, 4 hour no media hold, and positive control constructs as 
described in Fig. 16. 

[0041] Fig. 23 illustrates the in vitro profiling of the albumin concentration 
(ng/mL/million cells) in culture media at 24, 48, and 72 hours after culturing the negative 
control, excessive pipetting, 4 hour room temperature hold, 4 hour no media hold, and 


positive control constructs as described in Fig. 16. 
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DETAILED DESCRIPTION OF THE INVENTION 


[0042] The present disclosure provides methods, assays, and kits for evaluating the 
performance of engineered liver tissue constructs. 

[0043] The headings provided herein are not limitations of the various aspects of the 
disclosure, which can be defined by reference to the specification as a whole. Similarly, 
the terms defined immediately below are more fully defined by reference to the 


specification in its entirety. 


І. Certain Definitions 


[0044] Unless defined otherwise, all technical and scientific terms used herein have the 
same meaning as commonly understood by those of ordinary skill in the art to which the 
invention belongs. Although any methods and materials similar or equivalent to those 
described herein can be used in the practice or testing of the present invention, preferred 
methods and materials are described. 

[0045] The singular forms “a,” “an,” and “the” as used herein include plural references 
unless the context clearly dictates otherwise. For example, “a” cell includes one cell, one 


сс 22 сс 


or more cells, and a plurality of cells. The terms “a,” “an,” “the, 


22 сс 


one ог more,” and “at 
least one,” for example, can be used interchangeably herein. 

[0046] As used herein, the term “about” or “approximately” when used to modify an 
amount related to the invention, refers to variation in the numerical quantity that can 
occur, for example, through routine testing and handling; through inadvertent error in 
such testing and handling; through differences in the manufacture, source, or purity of 
ingredients employed in the invention; and the like. Whether or not modified by the term 
“about” or “approximately,” the claims include equivalents of the recited quantities. In 
some embodiments, the term “about” or “approximately” means plus or minus 10% of the 
noted amount. 

[0047] The term “and/or” where used herein is to be taken as specific disclosure of each 
of the two specified features or components with or without the other. Thus, the term 
“and/or” as used in a phrase such as “A and/or B” herein is intended to include “A and 
В,” “A or B," “A” (alone), and “В” (alone). Likewise, the term “and/or” as used in а 
phrase such as “A, B, and/or C” is intended to encompass each of the following aspects: 
A, B, and C; A, B, or C; A or C; A or B; B or C; A and C; A and B; B and C; A (alone); 
B (alone); and C (alone). 
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[0048] As used herein, “bioprinting,” “bioprinted,” “bio-printing,” or “bio-printed” 
means utilizing three-dimensional, precise deposition of cells (e.g., cell solutions, cell- 
containing gels, cell suspensions, cell concentrations, multicellular aggregates, 
multicellular bodies, etc.) via methodology that is compatible with an automated or semi- 
automated, computer-aided, three-dimensional prototyping device (e.g., а bio-printer). 
Suitable bioprinters include the Novogen Bioprinter® from Organovo, Inc. (San Diego, 
CA), and suitable bio-printers disclosed in U.S. Patent Nos. 8,931,880, 9,227,339, 
9,855,369, 9,499,779, and 9,315,043. 


II ce 22 се: 22 се: 


[0049] The terms “comprises,” “comprising,” “includes,” “including,” “having,” and 
their conjugates are interchangeable and mean “including but not limited to.” It is 
understood that wherever aspects are described herein with the language “comprising,” 
otherwise analogous aspects described in terms of “consisting of" and/or “consisting 
essentially of" are also provided. 

[0050] The term “consisting of" means “including and limited to. ” 

[0051] The term “consisting essentially of’ means the specified material of a 
composition, or the specified steps of a method, and those additional materials or steps 
that do not materially affect the basic characteristics of the material or method. 

[0052] As used herein, the term “effective” means sufficient to effect beneficial or 
desired results and, as such, depends upon the context in which it is being applied. 

[0053] As used herein, the term “substantially” refers to the qualitative condition of 
exhibiting total or near-total extent or degree of a characteristic or property of interest. 
One of ordinary skill in the biological arts will understand that biological and chemical 
phenomena rarely, if ever, go to completion and/or proceed to completeness or achieve or 
avoid an absolute result. The term "substantially" is therefore used herein to capture the 
potential lack of completeness inherent in many biological and chemical phenomena. 

[0054] The terms "invention" and "disclosure" can be used interchangeably when 
describing or used, for example, in the phrases “the present invention" or “the present 
disclosure. " 

[0055] The term “as used herein" refers to any part of the application, including the 
appended claims and Figures. 

[0056] Throughout this application, various embodiments of this invention can be 
presented in a range format. It should be understood that the description in range format is 


merely for convenience and brevity and should not be construed as an inflexible 
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limitation on the scope of the invention. Where ranges аге given, endpoints are included. 
Furthermore, unless otherwise indicated or otherwise evident from the context and 
understanding of one of ordinary skill in the art, values that are expressed as ranges can 
assume any specific value or subrange within the stated ranges in different embodiments 
of the invention, unless the context clearly dictates otherwise. Accordingly, the 
description of a range should be considered to have specifically disclosed all the possible 
subranges as well as individual numerical values within that range. For example, 
description of a range, such as from 1 to 6 should be considered to have specifically 
disclosed subranges such as from 1 to 2, from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 3, 
from 2 to 4, from 2 to 5, from 2 to 6, from 3 to 4, from 3 to 5, from 3 to 6, etc., as well as 
individual numbers within that range, for example, 1, 2, 3, 4, 5, and 6, and subranges of 
less than whole number such as 1.1, 1.2, 1.3, 1.4, etc. This applies regardless of the 
breadth of the range. Furthermore, the expression levels, activities, or concentrations 
discussed herein can include ranges of any of the corresponding levels, activities, or 
concentrations based on values disclosed in the accompanying Figures and/or Examples, 
with any value in the Figures and/or Examples serving as an endpoint of a range. Such 
values can include the specific values disclosed in the Figures and/or Examples, or can be 
rounded to the closest whole number, or to the next lower or higher increment of 5 for 
values that are tenths or hundredths of a whole number (e.g., a value of 1.2 can be 
designated as 1.2, or rounded to 1, 1.0, or 1.5, and a value of 1.34 can be designated as 
1.34, or rounded to 1, 1.0, 1.5, 1.00, 1.30, 1.35, or 1.50). 

[0057] As used herein, the term “subject” or “patient,” means any subject, particularly a 
mammalian subject, who is undergoing diagnosis, prognosis, or therapy. In certain 
embodiments, the subject is a human subject or patient. The term “mammal” and 
derivatives thereof such as “mammalian” include, but are not limited to, humans; 
primates such as apes, monkeys, orangutans, and chimpanzees; rodents such as mice, rats, 
hamsters and guinea pigs; and so on. 

[0058] It is appreciated that certain features of the invention, which are, for clarity, 
described in the context of separate embodiments, can also be provided in combination in 
a single embodiment. Conversely, various features of the invention, which are, for 
brevity, described in the context of a single embodiment, can also be provided separately 
or in any suitable subcombination or as suitable in any other described embodiment of the 


invention. Certain features described in the context of various embodiments are not to be 
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considered essential features of those embodiments, unless the embodiment is inoperative 


without those elements. 


П. Methods for Evaluating Post-Implantation Performance of an Engineered Liver 
Tissue Construct Using Biomarkers 


[0059] In one aspect, the present invention is directed to a method for evaluating post- 
implantation performance of an engineered liver tissue construct in a subject comprising: 
obtaining a pre-implantation blood sample and a post-implantation blood sample from the 
subject; measuring expression of exosomal RNA (exRNA) comprising miR-122 and miR- 
181a in the pre-implantation and post-implantation blood samples; and evaluating post- 
implantation performance of the construct, wherein an effective post-implantation 
performance comprises an increased expression of miR-122 and miR-181a in the post- 
implantation blood sample as compared to the pre-implantation blood sample. In some 
embodiments, the exRNA further comprises miR-152 and an effective post-implantation 
performance further comprises increased expression of miR-152 in the post-implantation 
blood sample as compared to the pre-implantation blood sample. 

[0060] Іп some embodiments, the method further comprises implanting the engineered 
liver tissue construct into a subject. In some embodiments, implanting the engineered 
liver tissue construct comprises attaching the construct to the subject's liver. In some 
embodiments, implanting the engineered liver tissue construct into a subject comprises 
suturing the construct to the subject's liver and/or attaching the construct to the subject's 
liver with a bioadhesive. In some embodiments, implanting the engineered liver tissue 
construct comprises suturing and/or adhering the construct onto a surface of the subject's 
liver. 

[0061] In some embodiments, the post-implantation performance comprises engraftment 
effectiveness (e.g., whether the construct is retained in the subject following 
implantation), tissue health of the implanted construct, secreted proteins, metabolic 
activity, de novo vessel formation, alanine transaminase (ALT) activity, lactate 
dehydrogenase (LDH) activity, graft durability, complications of implantation (e.g., portal 
hypertension, inflammation, and/or host rejection), improvement in a liver function in a 
subject (e.g., as assessed by a liver function test), improvement in a symptom associated 
with a liver disease or disorder in a subject, or a combination thereof. 

[0062] In some embodiments, the post-implantation performance comprises engraftment 


effectiveness. In some embodiments, effective engraftment comprises increased 
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expression of miR-122 and miR-181a in the post-implantation blood sample as compared 
to the pre-implantation blood sample. In some embodiments, effective engraftment 
further comprises increased expression of miR-152 in the post-implantation blood sample 
as compared to the pre-implantation blood sample. In some embodiments, the increased 
expression of miR-122 and miR-181a or the increased expression of miR-122, miR-181a, 
and miR-152 is a biomarker of early engraftment. 

[0063] In some embodiments, the method further comprises assessing integration of the 
implanted engineered liver tissue construct with the subject's vasculature (e.g., integration 
of the construct with the vasculature of the subject's liver) and/or assessing vascular 
perfusion into the construct. For example, when there 15 effective vascular integration 
and perfusion with the host tissue of a patient, an implanted engineered liver tissue 
construct will likely have stable performance over a period of time. In some 
embodiments, assessing integration of the implanted engineered liver tissue construct 
with the subject's vasculature and/or assessing vascular perfusion into the implanted 
engineered liver tissue construct comprises Doppler ultrasound imaging to verify blood 
flow into donor tissue. 

[0064] Іп some embodiments, evaluating engraftment effectiveness further comprises 
assessing integration of the implanted engineered liver tissue construct with the subject's 
vasculature and/or assessing vascular perfusion into the construct. In some embodiments, 
effective engraftment further comprises integration of the implanted engineered liver 
tissue construct with the subject's vasculature and/or vascular perfusion into the implanted 
engineered liver tissue construct. 

[0065] In some embodiments, the method further comprises measuring a liver function in 
the pre-implantation and post-implantation blood samples. In some embodiments, 
measuring a liver function comprises measuring the concentration of albumin, the 
concentration of ammonia, alkaline phosphatase (ALP) activity, gamma-glutamyl 
transferase (GGT) activity, prothrombin time (PT), activated partial thromboplastin time 
(aPTT), the concentration of bilirubin (direct and/or indirect), alanine transaminase (ALT) 
activity, aspartate transaminase (AST) activity, the total protein concentration, lactate 
dehydrogenase (LDH) activity, the concentration of alpha-feto protein (AFP), or a 
combination thereof. 

[0066] In some embodiments, the method further comprises analyzing the samples with a 


liver test panel (LFT), wherein the LFT is for measuring a plurality of liver functions. 
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10067 | Іп some embodiments, evaluating engraftment effectiveness further comprises 
measuring a liver function as described herein. 

[0068] In some embodiments, evaluating engraftment effectiveness further comprises 
analyzing the samples with a LFT. 

[0069] In some embodiments, the post-implantation performance comprises tissue health 
(e.g., viability and/or function), including health of specific cell types such as, but not 
limited to, hepatocyte health. 

[0070] In some embodiments, effective tissue health comprises increased expression of 
miR-122 and miR-181a in the post-implantation blood sample as compared to the pre- 
implantation blood sample. In some embodiments, effective tissue health further 
comprises increased expression of miR-152, miR-21, or both in the post-implantation 
blood sample as compared to the pre-implantation blood sample. In some embodiments, 
the increased expression of miR-122 and miR-181a, the increased expression of miR-122, 
miR-181a, and miR-152, the increased expression of miR-122, miR-181a, miR-21, or the 
increased expression of miR-122, miR-181a, miR-152, and miR-21 is a biomarker of 
tissue health. 

[0071] In some embodiments, evaluating tissue health further comprises measuring a 
liver function. 

[0072] In some embodiments, evaluating tissue health further comprises analyzing the 
samples with a LFT. 

[0073] In some embodiments, the method further comprises measuring the concentration 
of albumin in the pre-implantation and the post-implantation blood samples, and an 
effective post-implantation performance further comprises increased concentration of 
albumin in the post-implantation blood sample as compared to the pre-implantation blood 
sample. 

[0074] In some embodiments, the exRNA further comprises a nonspecific exRNA, which 
also can be described as an exRNA that is nonspecific to liver (e.g., an exRNA that is not 
expressed in liver tissue or that is expressed in other tissues in addition to liver tissue). 

[0075] In some embodiments, an effective performance (e.g., effective engraftment 
and/or effective tissue health) comprises an expression of a nonspecific exRNA that is 
about the same in the post-implantation blood sample as compared to the pre-implantation 

blood sample (1.е., where the expression of the nonspecific exRNA is stable (1.е., 


substantially unchanged) in the post-implantation blood sample as compared to the pre- 
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implantation blood sample). In some embodiments, the nonspecific exRNA comprises 
miR-1 and/or miR-13 1а. 

[0076] Іп some embodiments, the exRNA further comprises miR-126 and/or miR-192. 

[0077] In some embodiments, the implanted construct comprises one or more than one 
engineered liver tissue construct. In some embodiments, the implanted construct 
comprises 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more engineered liver tissue constructs. 

[0078] In some embodiments, the expression of miR-122 and miR-181a in the post- 
implantation blood sample is dose responsive to the number of implanted constructs. In 
some embodiments, the expression level of miR-122 and miR-181a can demonstrate 
effective engraftment and/or tissue health of multiple implanted constructs, such as 
whether all or less than all of the implants (including a specific number of the implants) 
demonstrate effective engraftment and/or tissue health. 

[0079] In some embodiments, the engineered liver tissue construct comprises a three- 
dimensional bioprinted liver tissue construct. In some embodiments, the engineered liver 
tissue construct comprises a three-dimensional bioprinted human liver tissue construct. 
U.S. Patent Nos. 9,222,932 and 9,442,105 provide examples of such three-dimensional 
bioprinted liver tissue constructs, and are incorporated herein by reference. In some 
embodiments, the three-dimensional bioprinted human liver tissue construct comprises an 
interior comprising parenchymal cells and a border comprising non-parenchymal cells. In 
some embodiments, the border surrounds the interior. In some embodiments, the 
parenchymal cells comprise human hepatocytes or human hepatocyte-like cells. In some 
embodiments, the non-parenchymal cells comprise endothelial cells and stellate cells. In 
some embodiments, the three-dimensional bioprinted human liver tissue construct 
comprises other cell types, cell ratios, and configurations, as disclosed in U.S. Patent Nos. 
9,222,932 and 9,442,105. In some embodiments, the parenchymal cells are derived from 
one or more of the following sources: adult mammalian liver tissue; fetal mammalian 
liver tissue; embryonic stem cells (ESC); ESC-derived hepatocyte-like cells, induced 
pluripotent stem cells (IPSC); IPSC-derived hepatocyte-like cells; adult stem/progenitor 
cells derived from the liver; and adult stem/progenitor cells derived from a tissue other 
than liver. In some embodiments, the non-parenchymal cells comprise one or more of: 
vascular cells, endothelial cells, fibroblasts, mesenchymal cells, immune cells, Kupffer 
cells, stellate cells, biliary epithelial cells, biliary epithelial-like cells, sinusoidal 


endothelial cells, liver-derived stem/progenitor cells, and non-liver-derived 
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stem/progenitor cells. In some embodiments, the construct comprises one or more layers. 
In further embodiments, the construct comprises a plurality of layers, at least one layer 
compositionally or architecturally distinct from at least one other layer to create a laminar 
geometry. 

[0080] The engineered liver tissue constructs of the methods can include constructs made 
from seeding cells or layers of cells onto a scaffold or constructs made from a 
combination of seeding and bioprinting techniques. 

[0081] The pre-implantation and/or post-implantation blood sample can be serum, 
plasma, any component of blood in which biomarkers can be evaluated, or any 
combination thereof. In some embodiments, the blood samples are serum or plasma 
samples. 

[0082] In some embodiments, the subject has a liver disorder, such as, but not limited to: 
non-alcoholic fatty liver disease (NAFLD); non-alcoholic steatohepatitis (NASH); inborn 
error of metabolism (IEM), such as, but not limited to, alpha-1 antitrypsin deficiency 
(ААТО); hepatitis A, В, or С; cancer; fibrosis; cirrhosis; inflammation; autoimmune 
disease; genetic diseases; any other known liver disorder, disease, or condition; or a 
combination thereof. In some embodiments, the liver disorder is an IEM, and the IEM is 
AATD. In some embodiments, the subject is a human. 

[0083] Іп some embodiments, the pre-implantation and/or post-implantation blood 
sample comprises one or more than one blood samples. In some embodiments, the blood 
samples are obtained at a pre-determined frequency over a period of time. The pre- 
determined frequency can be any frequency, such as once approximately every 1, 2, 3, 4, 
5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, or 24 hours; once 
approximately every 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 
22, 23, 24, 25, 26, 27, 28, 29, 30, or 31 days; approximately 1, 2, 3, or 4 weeks; 
approximately 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, or 12 months or at any frequency over any 
number of days, weeks, or months post-implantation. The period of time can also be any 
period of time post-implantation, such as approximately 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, or 24 hours; approximately 1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, or 31 
days; approximately 1, 2, 3, or 4 weeks; approximately 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, or 


12 months; or any number of days, weeks, months, or years post-implantation. 
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[0084] In some embodiments, the post-implantation blood sample comprises multiple 
samples obtained over a period of time. 

[0085] In some embodiments, an effective post-implantation performance comprises an 
increase in the expression of miR-122 and miR-181a in a post-implantation blood sample 
as compared to a pre-implantation blood sample after implantation of the construct, 
followed by normalization in the expression of miR-122 and miR-181 in a post- 
implantation blood sample as compared to a pre-implantation blood sample. In some 
embodiments, an effective post-implantation performance comprises: an increase in the 
expression of miR-122 and miR-181a in a post-implantation sample within about 7 days 
(1.е., within about 1 week) after implantation of the construct, followed by normalization 
in the expression of miR-122 and miR-181 in a post-implantation sample within about 28 
days (i.e., within about 4 weeks or about | month) after implantation of the construct. 

[0086] In some embodiments, the method further comprises implanting an additional 
engineered liver tissue construct based on the evaluation in order to obtain or further 
increase an effective post-implantation performance. For example, if increased expression 
of miR-122, miR-181a, miR-152, miR-21, or a combination thereof is not observed in a 
post-implantation blood sample as compared to a pre-implantation blood sample, then 
additional implantations can occur until an increase is observed. Similarly, if evaluation 
of post-implantation performance does not indicate effective performance (e.g., effective 
engraftment and/or effective tissue health), then additional implantations can occur until 


an effective performance is achieved. 


Ш. In Vitro Sandwich Cultures and Methods for Evaluating the Performance of 
Engineered Liver Tissue Constructs 


[0087] In another aspect, the present invention is directed to an in vitro sandwich culture 
comprising: a layer of cells comprising mammalian hepatocytes in contact with an 
engineered liver tissue construct. 

[0088] The engineered liver tissue construct can be any engineered liver tissue construct 
as described herein. In some embodiments, the engineered liver tissue construct is a 
three-dimensional bioprinted liver tissue construct. In some embodiments, the engineered 
liver tissue construct is a three-dimensional bioprinted human liver tissue construct. In 
some embodiments, the three-dimensional bioprinted liver tissue construct comprises an 
interior comprising parenchymal cells and a border comprising non-parenchymal cells, 


the parenchymal cells comprising human hepatocytes or human hepatocyte-like cells 
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[0089] In some embodiments, the layer of cells 1s bioprinted or is a monolayer of cultured 
cells. 

[0090] In some embodiments, the layers of cells are non-human mammalian cells (e.g., 


mouse or primate cells), and the construct is a human construct. In some embodiments, 
the layer of cells are mouse cells. In some embodiments, the layer of cells comprise 


mouse hepatocytes. 


[0091] In some embodiments, the layer of cells are human cells and comprise human 
hepatocytes. 
[0092] In some embodiments, the hepatocytes in the layer of cells comprise diseased 


and/or healthy hepatocytes. 


[0093] In some embodiments, the hepatocytes in the construct comprise diseased and/or 
healthy hepatocytes. 
[0094] In some embodiments, cells in the layer of cells, cells in the construct, and/or 


diseased hepatocytes are from a subject with a liver disorder as described herein. For 
example, if the liver disorder is NAFLD, then the cells exhibit characteristics of NAFLD, 
such as inflammation, lipid accumulation, and fibrosis. In some embodiments, the liver 
disorder is an inborn error of metabolism (ТЕМ), and the ІЕМ is alpha-1 antitrypsin 
deficiency (AATD). In some embodiments, the layer of cells comprising at least 
hepatocytes and/or the cells in the construct comprise healthy cells, diseased cells, or a 


combination of healthy and diseased cells. 


[0095] In some embodiments, the construct is positioned on top of the layer of cells. 
[0096] In some embodiments, the layer of cells is positioned on top of the construct. 
[0097] In another aspect, the present invention is directed to a method for evaluating 


performance of an engineered liver tissue construct comprising: (a) preparing an in vitro 
sandwich culture comprising: incubating a layer of cells comprising mammalian 
hepatocytes in contact with an engineered liver tissue construct; (b) obtaining a sample of 
supernatant from the in vitro sandwich culture, and a sample of supernatant from a 

control culture comprising the layer of cells without the construct or the construct without 
the layer of cells; (c) measuring the expression of an exosomal RNA (exRNA) 

comprising miR-122 in the samples; and (d) evaluating the performance of the construct, 
wherein an effective performance comprises an increased expression of miR-122 in the 


sample from the in vitro sandwich culture as compared to the sample from the control 
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culture. The sandwich culture, layer of cells, and engineered liver tissue construct are as 
described herein. 

[0098] In some embodiments, the exRNA further comprises miR-21, miR-181a, miR- 
152, or a combination thereof, wherein the expression of miR-21, miR-181a, miR-152, or 
a combination thereof is dose responsive to the number of constructs in the in vitro 
sandwich culture. 

[0099] In some embodiments, the sandwich culture comprises 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 
or more engineered liver tissue constructs. In some embodiments, the expression level of 
miR-21, miR-181a, miR-152, or a combination thereof can demonstrate effective 
performance of multiple constructs in the in vitro sandwich culture, such as whether all or 
less than all of the constructs (including a specific number of the constructs) demonstrate 
effective performance. 

[0100] In some embodiments, the performance comprises tissue health of the construct, 
cell viability, secreted proteins, metabolic activity, de novo vessel formation, alanine 
transaminase (ALT) activity, lactate dehydrogenase (LDH) activity, improvement in a 
liver function of the layer of cells comprising hepatocytes, or a combination thereof. 

[0101] In some embodiments, the method further comprises measuring cell viability of 
the layer of cells, including hepatocytes in the layer of cells, and/or measuring cell 
viability of the construct, including a portion thereof such as a nonparenchymal cell 
border of the construct as described herein or a fill of the construct as described herein, 
including hepatocytes in the fill. 

[0102] In some embodiments, the method further comprises histological examination of 
the sandwich culture. In some embodiments, the histological examination comprises 
hematoxylin and eosin (H&E) staining. 

[0103] In some embodiments, the method further comprises measuring a liver function in 
the samples. In some embodiments, measuring a liver function comprises measuring the 
concentration of albumin, the concentration of ammonia, ALP activity, GGT activity, PT, 
aPTT, the concentration of bilirubin (direct and/or indirect), ALT activity, (AST activity, 
the total protein concentration, lactate dehydrogenase (LDH) activity, the concentration of 
alpha-feto protein (AFP), or a combination thereof. 

[0104] In some embodiments, the method further comprises analyzing the samples with a 


LFT, wherein the LFT 15 for measuring a plurality of liver functions. 
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10105) Іп some embodiments, the performance comprises tissue health (e.g., viability 
and/or function) of the construct, including health of specific cell types such as, but not 
limited to, hepatocyte health. In some embodiments, effective tissue health comprises an 
increased expression of miR-122 in the sample from the in vitro sandwich culture as 
compared to the sample from the control culture. 

[0106] In some embodiments, evaluating tissue health further comprises measuring a 
liver function as described herein. 

[0107] In some embodiments, evaluating tissue health further comprises administering a 
LFT. 

[0108] In some embodiments, the method further comprises measuring the concentration 
of albumin in the samples, wherein an effective performance (e.g., effective tissue health) 
comprises an increased concentration of albumin in the sample from the in vitro sandwich 
culture as compared to the sample from the control culture. 

[0109] In some embodiments, the exRNA further comprises a nonspecific exRNA. 

[0110] In some embodiments, an effective performance (e.g., effective tissue health) 
comprises an expression of a nonspecific exRNA that is about the same in the in vitro 
sandwich culture as compared to the sample from the control culture. In some 
embodiments, the exRNA comprises miR-1 and/or miR-13 1a. 

[0111] Іп some embodiments, (һе exRNA further comprises miR-126 and/or miR-192. 

[0112] In some embodiments, the samples comprise one or more than one samples. In 
some embodiments, the samples are obtained at a pre-determined frequency over a period 
of time. The pre-determined frequency can be any frequency, such as once 
approximately every 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 
22, 23, or 24 hours; once approximately every 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, or 31 days; approximately 1, 
2, 3, ог 4 weeks; approximately 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, or 12 months or at any 
frequency over any number of days, weeks, or months of incubation. The period of time 
can also be any period of incubation, such as approximately 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, or 24 hours; approximately 1, 2, 3, 4, 5, 6, 7, 
8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, or 31 
days; approximately 1, 2, 3, or 4 weeks; approximately 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, or 


12 months; or any number of days, weeks, or months of incubation. 


WO 2019/227063 PCT/US2019/034031 
-19- 

[0113] In some embodiments, the incubating is for 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 
16, 17, 18, 19, 20, 21, 22, 23, or 24 hours to 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, or 31 days. 

[0114] In some embodiments, the sample from the in vitro sandwich culture comprises 
multiple samples obtained at over a period of time. 

[0115] In some embodiments, an effective performance comprises an increase in the 
expression of miR-122 in the sample from the in vitro sandwich culture within about 1, 2, 
or 3 days of incubation of the in vitro sandwich culture as compared to the control 
incubated for the same duration, followed by normalization of expression of miR-122 in 
the sample from the in vitro sandwich culture within about 7, 8, 9, 10, 11, 12, 13, 14, 15, 
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, or 31 days of incubation of the in 
vitro sandwich culture as compared to the control incubated for the same duration. 

[0116] In some embodiments, the second layer of engineered liver tissue constructs is 
positioned above the first layer of cells of the host mammal, and the period of time for 
incubation is at least approximately four (4) hours. 

[0117] In some embodiments, the performance is predictive of post-implantation 
performance of the engineered liver tissue construct. 

[0118] In some embodiments, an effective performance indicates that the engineered liver 
tissue construct is suitable for implantation into a subject. 

[0119] In some embodiments, the in vitro sandwich culture or method of evaluating 
performance of an engineered liver tissue construct comprising the in vitro sandwich 
culture can be used to design an engineered tissue construct, such as a bioprinted liver 
tissue construct. For example, the in vitro sandwich culture or associated method can be 
used to determine the best design elements in terms of cell lines, cell types, cell ratios, 
hydrogel, and geometry by evaluating the performance of constructs comprising 


variations in the elements. 


IV. Diagnostic Assays and Testing Kits for Evaluating the Performance of Engineered 
Liver Tissue Constructs 


[0120] In another aspect, the present invention is directed to a molecular diagnostic assay 
for evaluating post-implantation performance (e.g., engraftment effectiveness and/or 
tissue health) of an implanted engineered liver tissue construct in a subject. The 
engineered liver tissue construct can comprise a three-dimensional bioprinted human liver 


tissue construct or any other construct as described throughout this application. For 
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example, a three-dimensional bioprinted human liver tissue construct can comprise ап 
interior comprising parenchymal cells and a border comprising non-parenchymal cells, 
the parenchymal cells comprising human hepatocytes or human hepatocyte-like cells. 

[0121] In some embodiments, the molecular diagnostic assay is for evaluating post- 
implantation performance of an engineered liver tissue construct implanted in a subject, 
and the assay comprises one or more micro-RNA assays specific for detecting at least 
exRNAs miR-181a and miR-122 in one or more RNA samples derived from a bodily 
fluid of the subject. In some embodiments, the assay further comprises one or more 
micro-RNA assays specific for detecting miR-152 in one or more RNA samples derived 
from a bodily fluid of the subject. In some embodiments, the assay further comprises one 
or more micro-RNA assays specific for detecting miR-21 in one or more RNA samples 
derived from a bodily fluid of the subject. In some embodiments, the assay further 
comprises one or more micro-RNA assays specific for detecting miR-1 and/or miR-13 1а. 
In some embodiments, the assay further comprises one or more micro-RNA assays 
specific for detecting miR-126 and/or miR-192. In some embodiments, the bodily fluid 
comprises serum, plasma, blood (e.g., whole blood), urine, cerebrospinal fluid, or a 
combination thereof. In some embodiments, the subject has one or more liver disorders, 
as described throughout this application. In some embodiments, the subject is a human 
(e.g., a human patient). 

[0122] In another aspect, the present invention is directed to a kit (e.g., a molecular 
diagnostic testing kit) for evaluating post-implantation performance of an implanted 
engineered liver tissue construct in a subject, comprising a molecular diagnostic assay as 
described herein. In some embodiments, the kit comprises reagents necessary to conduct 
the assay, such as reagents for isolating exosomal RNA from a bodily fluid, or reagents 
for amplification of the RNA sample, including target exRNAs. 

[0123] In some embodiments, the assays and kits comprise a real-time polymerase chain 
reaction, also known as quantitative polymerase chain reaction (qPCR). Typically, the 
first step is isolating the RNA sample from the bodily fluid. Optionally, if the RNA 
sample is low, then an amplification step can be conducted to increase the RNA sample. 
Next, a primer initiates reverse transcription on the RNA sample in order to create 
complementary DNA (cDNA). The cDNA is then used as the template for the qPCR 
reaction. During the qPCR reaction, sequence-specific probes will attach to the 


biomarker sequence of interest (for example, an exRNA as described herein, including, 
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[0125] 


[0126] 
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but not limited to, miR-181a, miR-122, miR-21, ог miR-152). When the attached 
sequence-specific probes are cleaved, such probes will emit fluorescence signals that will 
be detected by the qPCR system. The emitted fluorescence signals can be correlated to 
determine the presence or absence of the target biomarkers, as well as the expression 
levels of the target biomarkers. Presently, qPCR systems are commercially available 
from Thermo-Fisher Scientific, Bio-Rad Laboratories, and Agilent Technologies. 
Accordingly, the assays and kits can be used with commercially available qPCR systems 


and other molecular diagnostic systems capable of detecting microRNA biomarkers. 


EXAMPLES 


The following illustrative examples are representative of embodiments of the 
inventions, including the methods, described herein and are not meant to be limiting in 


any way. 


Example 1 
Biomarkers for Evaluating the Post-Implantation Performance 
of a Three-Dimensional Engineered Liver Tissue Construct 


1. Implantation of Three-Dimensional Engineered Liver Tissue Constructs. 


A three-dimensional, engineered liver tissue construct was implanted into a first 
NOD/SCID mouse. The construct contained an interior of parenchymal cells comprising 
human hepatocytes and a border of nonparenchymal cells comprising human endothelial 
cells (ECs) and human hepatic stellate cells (HSCs). The Examples and Figures herein 
also refer to a contrast containing these characteristics as a bioprinted therapeutic liver 
tissue (1.е., BTLT“). Unless otherwise noted, liver tissue constructs used for implantation 
and in vitro experiments in this and the following Examples are BTLTs. As shown in 
Figure 1A, the BTLT was implanted on or near the apex of the left liver lobe of the 
mouse. Figure 1B shows the BTLT sutured to the liver of the mouse. 

As shown in Figure 2, a second NOD/SCID mouse was implanted with two (2) 
BTLTs. Separately, a sham-operated placebo mouse as the control, which underwent 


similar liver suturing without implantation of a liver tissue construct. 
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[0128] 


[0129] 


[0130] 


E 


2. Evaluating the Post-Implantation Performance of Three-Dimensional Engineered 
Liver Tissue Constructs. 


To determine biomarkers for evaluating the post-implantation performance of a 
three-dimensional engineered liver tissue construct, serum samples were obtained at 
approximately day 7 and day 28 post-implantation from: (a) the first NOD/SCID mouse 
having one (1) implanted liver tissue construct, and (b) the placebo mouse (control). The 
obtained serum samples were profiled for circulating exosome RNAs (exRNAs) using 
standard protocols. Serum samples were also collected over approximately 91 days and 
analyzed for concentration of human albumin using standard protocols. 

Figures 3A-3B depict the assessment of serum exRNA levels (Log2FC) from 
BTLT-implanted mice at approximately day 7 and day 28, respectively, with replicates 
from different mice. Significantly, as shown in Figures 3A-3B, exRNAs miR-122, miR- 
152, and miR-181a each showed an acute response at post-implantation day 7 that 
normalized by day 28 in comparison to the placebo mouse, suggesting that these exRNAs 
are biomarkers of early engraftment. By contrast, no responses were observed with 
muscle specific exRNAs miR-1 and miR-131a, as depicted in Figures 3A-3B. Thus, 
specificity of the observed response with exRNAs miR-122, miR-152, and miR-181a was 
demonstrated with minimal movement of muscle-associated exRNAs miR-1 and miR- 
131a. miR-126 is associated with endothelial cells, including those of the liver, but like 
miR-1 and mir-131a showed minimal movement. The lack of response for mir-126, being 
also an exRNA expressed in liver tissue, demonstrated specificity of the response of miR- 
122, miR-152, and miR-181a.. 

Figure 3С shows that the concentration (ng/mL) of secreted human albumin, a 
measure of hepatocyte function specific to the human liver tissue construct in the 
implanted mouse, increased until approximately 21 days post-implantation and remained 
detectable throughout the 91 days that serum was collected, suggesting that albumin 
secretion is a biomarker for long-term functionality of engineered liver tissue constructs. 

In an additional experiment, serum samples were obtained at approximately day 7 
post-implantation from: (a) the first NOD/SCID mouse having one (1) implanted liver 
tissue construct, and (b) the second NOD/SCID mouse having two (2) implanted liver 
tissue constructs. The obtained serum samples were profiled for human albumin and 


circulating exosome RNAs (exRNAs). 
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[0131] Figure 4A shows the contrast in serum human albumin level (ng/mL) between the 
first and second NOD/SCID mice. Significantly, the second NOD/SCID mouse having 
two (2) implanted liver tissue constructs had a higher concentration of serum human 
albumin. Figure 4B shows the exRNA expression levels (fold change (Log2FC) from 1 
liver tissue construct) for exRNA miR-21, miR-122, miR-152, and miR-18 1a. 
Significantly, as shown in Figure 4B, exRNA miR-122 and miR-181a showed an acute 
response in terms of exRNA expression level, and thus, exRNA miR-122 and miR-181a 
were shown to be dose responsive with an increasing number of implanted liver tissue 
constructs. 

[0132] These data support the use of exRNAs miR-122, miR-181a, and miR-152 as 
biomarkers of effective post-implantation performance of implanted liver tissue 
constructs, including use in assessing engraftment, the amount of implanted tissue, and 
tissue health, either alone or in combination with assessment of post-implantation 


albumin concentration. 


Example 2 
In Vitro Tests of Biomarkers for Evaluating the Performance 
of a Three-Dimensional Engineered Liver Tissue Construct 


[0133] In vitro tests were performed to further evaluate biomarkers of the performance of 
a three-dimensional engineered liver tissue construct, including pre-implantation and 
predicated post-implantation performance. BTLTs were maintained in appropriate 
culture medium in a multi-well plate as previously described. See, e.g., U.S. Patent Nos. 
9,222,932 and 9,442,105. As shown in Figures 5A-C, each well in the multi-well plate 
contained either: (a) one (1) liver tissue construct (Figure SA), (b) two (2) liver tissue 
constructs (Figure 5B), ог (c) three (3) liver tissue constructs (Figure 5С). Supernatant 
concentrations of human albumin and exRNAs from each well were measured, as 
described further below. As used herein, "supernatant" with respect to in vitro cultures 
refers to the culture medium in which constructs or cells have been cultured. 

[0134] Human albumin concentration (ng/mL) was measured at approximately day 5 and 
day 6, with results shown in Figure 6A. The human albumin concentration directly 
correlated with the number of liver tissue constructs in the respective wells. 

[0135] Supernatant exRNAs miR-152, miR-181a, miR-122, and miR-21 were measured 


at approximately 48 hours for their expression levels (fold change (Log2FC) from 1 liver 
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tissue construct). Significantly, as shown in Figure 6B, exRNAs miR-152, miR-181a, 
and mIR-21 were dose responsive with increasing number of liver tissue constructs, 
which further supports their utility as biomarkers for performance of the constructs, 
including in assessing tissue health, function, and dose-responsiveness of the liver tissue 
constructs. Surprisingly and unexpectedly, the most abundant, hepatocyte-specific 
exRNA miR-122 remained relatively constant in vitro with increasing number of liver 


tissue constructs, whereas exRNA miR-122 was dose responsive in vivo. 


Example 3 
Effects of Cell Viability on Biomarkers for Evaluating the Performance of a Three- 
Dimensional Engineered Liver Tissue Construct 


[0136] Constructs were treated in vitro with dimethyl sulfoxide ("DMSO") added to the 
culture medium to examine the effects of cell viability on biomarkers of construct 


performance. 


]. Treatment with 0-20% DMSO for 24 hours 


[0137] Іп one experiment, liver tissue constructs were treated with 0%, 2.5%, 5%, 10%, 
or 20% DMSO in culture medium for approximately 24 hours starting on day 3 after 
bioprinting. After approximately 24 hours of treatment, culture supernatant was analyzed 
for levels of albumin and exRNA expression to assess the effects of cellular toxicity 
induced by DMSO. Figure 7A shows the human albumin concentration (ng/mL) at 
approximately 24 hours after 0-20% DMSO treatment. Albumin concentrations were 
reduced in relation to increased cellular toxicity, showing that the cell viability and 
associated function of the liver tissue construct was inversely correlated with the 
percentage of DMSO treatment. Figure 7B shows the exRNA expression (fold change 
(Log2FC) from liver construct treated with normal media, i.e., 0% DMSO) for exRNAs 
miR-122, miR-152, and miR-21 after 0-20% DMSO treatment. Significantly, non- 
specific release of exRNAs into the supernatant was observed that was anti-correlative to 
cell viability, indicating that non-specific exRNA release provides a surrogate readout of 
liver tissue construct health in vitro. Additionally, because miR-122 is a hepatocyte- 
specific miR, the data indicate that monitoring release of miR-122 provides a surrogate 
readout of hepatocyte health in vitro, including in constructs comprising multiple cells 


types such as BTLTs. 
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2: Treatment with 0-10% DMSO for 72 hours 


[0138] In another experiment, three different types of constructs were prepared: (1) a 
“ВТЕТ” as described herein, (2) a “NPC” construct comprising a nonparenchymal cell 
border of a BTLT but lacking an internal fill of hepatocytes, and (3) a “Fill” construct 
comprising the hepatocyte fill of a BTLT but lacking a nonparenchymal cell border. 
Three days after bioprinting, each of the constructs was treated with culture medium 
containing 0%, 2.5%, 3.75%, 5%, 7.5%, or 10% DMSO for approximately 72 hours. No 
overt toxicity was observed based on visual analysis of the constructs during the 72 hours 


of treatment (data not shown). 


(a) Cell Viability 


[0139] Cell viability was assessed after approximately 72 hours of treatment with 0-10% 
DMSO using the Cell Titer-Glo& Luminescent Cell Viability Assay (Promega 
Corporation, Madison, Wisconsin, USA) and manufacturer protocols. Figure 8 and 
Table 1 show percent viability in samples for each construct after approximately 72 hours 
of treatment with 2.5-10% DMSO relative to average viability after approximately 72 
hours of treatment with 0% DMSO (1.е., control). Viability was measured in triplicate for 
each percentage of DMSO for BTLTs and NPCs, and in duplicate for Fills. 

[0140] As shown by Figure 8 and Table 1, a dose responsive effect on viability was 
observed with DMSO treatment, although NPCs and Fills were less sensitive to DMSO 
treatment than BTLTs. 
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(6) Alanine Aminotransferase Activity 


[0141] Culture supernatant for each construct was obtained after approximately 2, 8, 24, 
and 72 hours of treatment with 0-10% DMSO and assessed for alanine aminotransferase 
(ALT) activity using standard protocols. 

[0142] Figures 9A-9C and Tables 2-4 show ALT activity (mU/mL) in samples for each 
construct after approximately 2, 8, 24, and 72 hours of treatment with 0-10% DMSO. 
Activity was measured in duplicate for each construct at each timepoint and percentage of 
DMSO. 


Table 2: Effect of DMSO Treatment on ALT Activity іп BTLT Constructs 


DMSO* ALT Activity (mU/mL^) in BTLT Constructs 


eo Tis 


Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Дур.“ 
1 2 1 2 1 2 1 2 


“= dimethyl sulfoxide; ° = alanine aminotransferase; ^ = milliUnits/milliliter; ^ = bioprinted therapeutic liver 
tissue; “ = average 


Table 3: Effect of DMSO Treatment on ALT Activity in NPC Constructs 


DMSO“ ALT“ Activity (mU/mL^) in МРС Constructs 


eo Tow 


Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample Avg" 
1 2 1 2 1 2 1 2 


а = dimethyl sulfoxide; ° = alanine aminotransferase; ^ = milliUnits/milliliter, ^ = nonparenchymal cell; “ = 
average 
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Table 4: Effect of DMSO Treatment on ALT Activity in Fill Constructs 


DMSO“ ALT? Activity (mU/mL“) in Fill Constructs 
eo = 


Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | дур“ 
1 2 1 2 1 2 1 2 


= dimethyl sulfoxide; ° = alanine aminotransferase: SE milliUnits/milliliter, = average 


[0143] As shown by Figures 9A-9C and Tables 2-4, DMSO-mediated ALT activity 


showed a variable downward trend for BTLTs and NPCs, and increased with Fills. The 
increased ALT activity at all timepoints for Fills showed an inverse correlation with cell 
viability at 72 hours in Fills. Compare Fill viability in Figure 8 with Fill ALT activity in 
Figure 9C, and cell viability with ALT activity at 72 hours shown in Tables 1 and 4, 


respectively. 


(c) Lactate Dehydrogenase Activity 


[0144] Culture supernatant for each construct was obtained after approximately 2, 8, 24, 


and 72 hours of treatment with 0-10% DMSO and assessed for lactate dehydrogenase 
(LDH) activity using standard protocols. 


[0145] Figures 10A-10C and Tables 5-7 show LDH activity (mU/mL) in samples for 


each construct after approximately 2, 8, 24, and 72 hours of treatment with 0-10% 
DMSO. Activity was measured in duplicate for each construct at each timepoint and 


percentage of DMSO. 


Table 5: Effect of DMSO Treatment on LDH Activity in BTLT Constructs 


DMSO* ГОН” Activity (mU/mL“) іп BTLT“ Constructs 


eo Tis 


Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample 
1 2 1 2 1 2 1 2 
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17.46 
15.02 
3142 


32.78 
25.61 16.41 56.02 61.41 40.52 25.04 10.94 


41.35 
31.92 


= dimethyl sulfoxide; ° = lactate dehydrogenase; " = milliUnits/milliliter, ^ = bioprinted therapeutic liver 
tissue; “ — average + standard deviation 


Table 6: Effect of DMSO Treatment on LDH Activity in NPC Constructs 


LDH" a (mU/mL in NPC* Constructs 
2 | 210шѕ | 24 | 24 hours | 72 hours 


= dimethyl sulfoxide; = lactate dehydrogenase; ^ = milliUnits/milliliter, ^ = nonparenchy mal cell; = 
average + standard deviation 
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Table 7: Effect of DMSO Treatment оп LDH Activity in ЕШ Constructs 


ГОН” Activity (mU/mL in Fill Constructs 


2 hours 


0.65 | 0.68 . 
7.5 

ВЕ 
10 


‘= dimethyl sulfoxide; = lactate dehydrogenase; je milliUnits/milliliter, ^ = average + standard deviation 


[0146] As shown by Figures 10A-10C in comparison with Figure 8, Tables 5-7 in 
comparison with Table 1, and Figure 11, LDH activity level was inversely correlated 
with viability in DMSO-treated BTLTs and NPCs, but not Fills, at 72 hours. Figures 10A- 
10C and Tables 5-7 show that LDH activity was primarily driven by NPCs, while the 


utility of LDH activity readouts for hepatocyte health was time-sensitive. 


(d) exRNA Expression 


[0147] Culture supernatant for each construct was obtained after approximately 24 and 72 
hours of treatment with 0, 3.25, and 10% DMSO and assessed for exRNA (miR-122, 
miR-152, and miR-181a) expression. Measurements were made in duplicate except as 
otherwise shown in Figures 12A-12B. 

[0148] As shown by Figure 12A (24 hour treatment) and Figure 12B (72 hour treatment) 
in comparison with Figure 8, exRNA levels (fold change (Log2FC) from liver construct 
treated with normal media, 1.е., 0% DMSO) were inversely correlated with viability in 


DMSO-treated BTLTs. In particular, increased miR-122 expression was associated with 
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decreased hepatocyte viability, demonstrating supernatant miR-122 levels as а non-lytic 


measure of hepatocyte specific viability. 


Albumin Levels 


(е) 
10149) Culture supernatant for each BTLT and ЕШ construct was obtained after 
approximately 2, 8, 24, and 72 hours of treatment with 0-10% DMSO and assessed for 
albumin concentration. 
[0150] Figures 13A-13B and Tables 8-9 show albumin concentration (ng/mL/million 
cells) in samples for each BTLT and Fill construct after approximately 2, 8, 24, and 72 
hours of treatment with 0-10% DMSO. Concentrations were measured in duplicate for 


each construct at each timepoint and percentage of DMSO. 


Table 8: Effect of DMSO Treatment on Albumin Concentration in BTLT Constructs 


Albumin (ng/mL/mill cells’) in BTLT“ Constructs 


2 hours 8 hours 24 hours 72 hours 


сад наа E ut Sample | Sample 
1 2 


|669 |6 20 6.71 5.27 6.49 


ke [e [er EE e — 


5.17 4.93 3.16 3.38 


Eu Ier qe qe D mo 


5.33 4.71 3.08 


шээг AO 
bm [e pe per 


= bioprinted therapeutic liver tissue 


к 


5.00 


“= dimethyl sulfoxide; ” = nanograms/milliliter/million cells; ^ 
MATT і 
deviation; = not determined 


Table 9: Effect of DMSO Treatment on Albumin Concentration in Fill Constructs 


Albumin (ng/mL/mill cells") in Fill Constructs 


2 hours 


9 em [ws [ss ин (юм [we [oT 


2.5 
3.25 


Sample 
1 


16.67 
15.33 


Sample 
2 


14.53 
15.02 


27.42 
23.29 


25.82 34.49 


24 hours 


30.58 


Sample | Sample | Sample | Sample 
1 2 1 2 


зв a 


72 hours 
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7.5 14.40 12.04 12.49 10.53 (160 | 60 
атал A 2-12. 


= dimethyl] sulfoxide; “ = nanograms/milliliter/million cells; ^ = not determined 


[0151] As shown in comparing Figure 13A-13B and Tables 8-9, BTLTs had lower 
baseline albumin with little additional accumulation from 2-8 hours, while Fills had 
higher baseline albumin with nearly 2-fold accumulation from 2-8 hours. Moreover, as 
shown by Figure 13A in comparison with Figure 8, Table 8 in comparison with Table 1, 
and Figure 14, secreted albumin concentration correlated with viability in DMSO-treated 


BTLTs. 


Example 4 
In Vitro Sandwich Culture Assay 


[0152] In vitro sandwich cultures were developed to further assess the performance of 
engineered liver tissue constructs. Figure 15A shows the structure of the sandwich 
culture in which a liver tissue construct is placed on top of and in contact with a layer of 
cells comprising mammalian hepatocytes, which mimics the in vivo therapeutic 
implantation described in Example 1. Assays to assess performance of engineered liver 
constructs can be conducted using such sandwich cultures. 

[0153] Figure 15B shows the results of an exemplary sandwich culture assay in which 
the supernatant levels of exRNA miR-122 were measured after approximately 72 hours 
and 1 week of incubation of: a sandwich culture containing a BTLT on top of and in 
contact with a layer of mouse hepatocytes, a layer of mouse hepatocytes, a BTLT, and a 
reverse sandwich control in which the layer of mouse hepatocytes was placed on top of 
and in contact with a BTLT. As shown in Figure 15B, supernatant levels of exRNA 
miR-122 had a response in vitro comparable to the in vivo response described in Example 
1. This finding further indicates that exRNA miR-122 is a robust biomarker of the 
performance of liver tissue constructs. Furthermore, as discussed with respect to Figure 
6B, miR-122 levels were not dose-responsive in vitro, suggesting that the miR-122 
response observed in in vitro sandwich cultures is indicative of engraftment of the 
construct onto the layer of cells. This further indicates that miR-122 expression in the in 
vitro sandwich culture assay is predictive of post-implantation engraftment of the 


engineered liver tissue constructs. 
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Example 5 


In Vitro Tests for Evaluating Protocol Deviations During Production 
of a Three-Dimensional Engineered Liver Tissue Construct 


[0154] Effects on biomarkers of tissue health and function were determined in relation to 
one of the following protocol deviations during production of BTLTs: (1) excessive 
pipetting when preparing the hepatocyte fill portion of the BTLT, (2) room temperature 
incubation of the BTLT for 4 hours, referred to herein and in the Figures as “4 hr RT 
hold,” and (3) incubation of the BTLT without culture medium for 4 hours, referred to 
herein and in the Figures as “4 hr no media hold." BTLTs were printed and treated with 
one of the protocol deviations on Day 0 and then cultured normally for 72 hours. BTLTs 
cultured in 10% DMSO for 72 hours after printing served as positive controls for cellular 
toxicity. BTLTs cultured under normal conditions for 72 hours after printing served as 
negative controls. Overt toxicity was observed only in BTLTs treated with excessive 
pipetting, based on visual analysis of the constructs during the 72 hours of treatment (data 
not shown). 

[0155] Effects of the protocol deviations on histology, cell viability, exRNA release, 


LDH activity, and albumin concentration were determined. 


1. H&E staining 


[0156] The histological effects of protocol deviations or DMSO treatment on hepatocyte 
levels and nuclear staining were assessed by H&E staining performed in cross-section and 
planar orientations using standard protocols in comparison to the negative control. H&E 
staining was performed at approximately 72 hours after treatment with the protocol 
deviation, or approximately 72 hours after bioprinting and incubation in normal culture 
medium or culture medium containing 10% DMSO for the negative and positive controls, 
respectively. 

[0157] Excessive pipetting resulted in decreased hepatocyte level and decreased nuclear 
staining. A modest decrease in hepatocyte level and nuclear staining was observed in 
BTLTS treated with a 4 hour room temperature hold. A decreased hepatocyte level and 
decreased nuclear staining also was observed in BTLTs incubated without media for 4 


hours and in BTLTs incubated in media containing 10% DMSO for 72 hours. 
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2. Cell Viability 


[0158] Cell viability was assessed at approximately 72 hours after treatment with the 
protocol deviation, or approximately 72 hours after bioprinting and incubation in normal 
culture medium or culture medium containing 10% DMSO for the negative and positive 
controls, respectively, using the CellTiter-Glo& Luminescent Cell Viability Assay 
(Promega Corporation, Madison, Wisconsin, USA) and manufacturer protocols. Figure 
16 and Table 10 show percent viability relative to average viability of the negative 


control. Viability was measured in duplicate for each protocol deviation and control. 


Table 10: Effect of Protocol Deviations on Viability 


Treatment Viability (96) 
Sample 1 Sample 2 Avg." 


110.75 89.25 100.00 
187.90 64.30 126.10 


4 hour RT“ hold 116.17 124.16 120.17 
4 hour no media hold 54.33 27.26 
a 


— average; ” = room temperature 


[0159] As shown by Figure 16 and Table 10, the DMSO-treated positive control and the 


4 hour no media hold showed reduced cell viability. 


3; exRNA Expression 


[0160] Culture supernatant was obtained after approximately 4, 24, 48, and 72 hours 
following treatment of BTLTs with a protocol deviation or after bioprinting and 
incubation of BTLTs in normal culture media or culture media containing 10% DMSO 
for negative and positive controls, respectively. Supernatants were assessed for exRNA 
(miR-122, miR-126, miR-152, mir-21, and miR-181a) expression. Quadruplicate or 
triplicate measurements were made at each timepoint except where otherwise noted in 


Tables 11-15 and Figures 17-20. 
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[0161] As shown by Table 11 and Figure 17, supernatant exRNA levels (arbitrary units, 


normalized per hour) for untreated negative controls decline by approximately 100 fold 
over 72 hours. 

[0162] For ВТІ Т5 treated with excessive pipetting, lowered miR-122 levels were 
observed beginning at 48 hours after treatment as shown by Table 12 and Figure 18, 
suggesting that miR-122 levels can provide a specific measure of compromised 
hepatocyte health after bioprinting. 

[0163] As shown by Table 13 and Figure 19 for BTLTs treated with a room temperature 
hold for 4 hours, a general acute lowered exRNA expression profile was observed at 4 
hours for each of miR-122, miR-126, and miR-21, with expression normalized by 24 
hours and unchanged compared to negative control through 72 hours. А similar profile 
was not observed for miR-181, most likely due to expression and detection limitations. 

[0164] As shown by Table 14 and Figure 20 for BTLTs treated with a 4 hour no media 
hold, a general acute increased exRNA expression profile was observed at 24 hours, with 
expression normalized by 72 hours. 

[0165] As shown by Table 15 and Figure 21 for positive controls treated with 10% 
DMSO for 72 hours, a general sustained increased exRNA expression profile was 


Observed from 24 to 72 hours. 


4. LDH Activity 


[0166] Culture supernatant was obtained after approximately 4, 24, 48, and 72 hours 
following treatment of BTLTs with a protocol deviation or after bioprinting and 
incubation of BTLTs in normal culture media or culture media containing 10% DMSO 
for negative and positive controls, respectively. LDH Activity (mU/mL) was measured in 


quadruplicate at each timepoint except as otherwise shown in Tables 16 and Figure 22. 
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[0167] As shown by Table 16 and Figure 22, an acute increase in LDH activity was 


observed with media deprivation, similar to observed with exRNA release. 


5. Albumin Concentration 


[0168] Culture supernatant was obtained after approximately 24, 48, and 72 hours 
following treatment of BTLTs with a protocol deviation or after bioprinting and 
incubation of BTLTs in normal culture media or culture media containing 10% DMSO 
for negative and positive controls, respectively. Albumin concentration was measured in 


guadruplicate at each timepoint except as otherwise shown in Table 17 and Figure 23. 
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[0169] As shown by Table 17 and Figure 23, a decrease in albumin concentration was 
observed with excessive pipetting, which correlates with exRNA miR-122 
downregulation observed with excessive pipetting. Other protocol deviations, including 
DMSO -treatment associated with the positive control, did not result in changes in 
albumin concentration. 

[0170] While preferred embodiments of the present invention have been shown and 
described herein, it will be obvious to those skilled in the art that such embodiments are 
provide by way of example only. Numerous variations, changes and substitutions will 
occur to those skill in the art without departing from the invention. All patents, patent 


applications, and publications cited herein are fully incorporated by reference herein. 
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WHAT IS CLAIMED IS: 


A method for evaluating post-implantation performance of an implanted engineered liver 
tissue construct in a subject comprising: 

obtaining a pre-implantation blood sample and a post-implantation blood sample 
from the subject; 

measuring expression of exosomal RNA (exRNA) comprising miR-122 and miR- 
181a in the pre-implantation and post-implantation blood samples; and 

evaluating post-implantation performance of the construct, wherein an effective 
post-implantation performance comprises an increased expression of miR-122 and miR- 
181a in the post-implantation blood sample as compared to the pre-implantation blood 


sample. 


The method of claim 1, wherein the exRNA further comprises miR-152 and an effective 
post-implantation performance further comprises increased expression of miR-152 in the 


post-implantation blood sample as compared to the pre-implantation blood sample. 


The method of claim 1 ог 2, wherein the method further comprises measuring the 
concentration of albumin in the pre-implantation and the post-implantation blood 
samples, and an effective post-implantation performance further comprises increased 
concentration of albumin in the post-implantation blood sample as compared to the pre- 


implantation blood sample. 


The method of any one of claims 1-3, wherein the expression of miR-122 and miR-181a 
in the post-implantation blood sample is dose responsive to the number of implanted 


constructs. 


The method of any one of claims 1-4, wherein the post-implantation blood sample 


comprises multiple samples obtained over a period of time. 


The method of claim 5, wherein an effective post-implantation performance comprises: 
an increase in the expression of miR-122 and miR-181a in a post-implantation sample 


within about 7 days after implantation of the construct, followed by normalization in the 


10. 


11. 


12. 


13. 
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expression of miR-122 and miR-181 in a post-implantation sample within about 28 days 


after implantation of the construct. 


The method of any one of claims 1-6, wherein the method further comprises implanting 
an additional engineered liver tissue construct based on the evaluation in order to obtain 


or further increase an effective post-implantation performance. 


The method of any one of claims 1-7, wherein the blood samples are serum or plasma 


samples. 


The method of any one of claims 1-8, wherein the construct comprises a three- 


dimensional bioprinted human liver tissue construct. 


The method of claim 9, wherein the three-dimensional bioprinted human liver tissue 
construct comprises an interior comprising parenchymal cells and a border comprising 
non-parenchymal cells, the parenchymal cells comprising human hepatocytes or human 


hepatocyte-like cells. 


The method of any one of claims 1-10, wherein the subject has a liver disorder. 


The method of claim 11, wherein the liver disorder is an inborn error of metabolism 


(ТЕМ), and the ТЕМ is alpha-1 antitrypsin deficiency (AATD). 


A method for evaluating performance of an engineered liver tissue construct comprising: 

(a) preparing an in vitro sandwich culture comprising: incubating a layer of 
cells comprising mammalian hepatocytes in contact with an engineered liver tissue 
construct; 

(b) obtaining a sample of supernatant from the in vitro sandwich culture and a 
sample of supernatant from a control culture comprising the layer of cells without the 
construct or the construct without the layer of cells; 

(c) measuring the expression of an exRNA comprising miR-122 in the 


samples; and 


14. 


15. 


16. 


17. 


18. 


19. 


20. 
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(d) evaluating the performance of the construct, wherein an effective 
performance comprises an increased expression of miR-122 in the sample from the in 


vitro sandwich culture as compared to the sample from the control culture. 


The method of claim 13, wherein the exRNA further comprises miR-21, miR-181a, miR- 
152, or a combination thereof, and wherein the expression of miR-21, miR-181a, miR- 
152, or a combination thereof is dose responsive to the number of constructs in the in 


vitro sandwich culture. 


The method of 13 or 14, wherein the method further comprises measuring the 
concentration of albumin in the samples, wherein an effective performance comprises an 
increased concentration of albumin in the sample from the in vitro sandwich culture as 


compared to the sample from the control culture. 


The method of any one of claims 13-15, wherein the sample from the in vitro sandwich 


culture comprises multiple samples obtained at over a period of time. 


The method of claim 16, wherein an effective performance comprises an increase in the 
expression of miR-122 in the sample from the in vitro sandwich culture within about 3 
days of incubation, followed by normalization of expression of miR-122 in the sample 


from the in vitro sandwich culture within about 7 days of incubation. 


The method of any one of claims 13-17, wherein the construct is a three-dimensional 


bioprinted human liver tissue construct. 


The method of claim 18, wherein the three-dimensional bioprinted liver tissue construct 
comprises an interior comprising parenchymal cells and a border comprising non- 
parenchymal cells, the parenchymal cells comprising human hepatocytes or human 


hepatocyte-like cells. 


The method of any one of claims 13-19, wherein the hepatocytes in the layer of cells 


comprise diseased and/or healthy hepatocytes. 


WO 2019/227063 PCT/US2019/034031 


- 45 - 

21: The method of claim 19, wherein the hepatocytes in the construct comprise diseased 
and/or healthy hepatocytes. 

22: Тһе method of claim 20 ог 21, wherein the hepatocytes are from a subject with a liver 


disorder. 


23. The method of claim 22, wherein the liver disorder is an IEM, and the IEM is AATD. 


WO 2019/227063 PCT/US2019/034031 
1/12 


FIG. 1B 


NS 


72 
2 


< 
© 
| LL 


PCT/US2019/034031 


WO 2019/227063 


2/12 


č 914 


WO 2019/227063 


© © 
CN ON — di hom 
сч A 10 о о e 
СЕСЕ 
ЕЕ Ж УЕ, ЕР ЕЕ 
o поп 4 > O 


Day 28 


ч N © ся = 
(942501) иоіввәліхә уммхе 


с с 
о NTA — 
сч WO о о со 
корр 
= Е-е Е ЕСЕ 
непа» O 


Day 7 


v A S ч че 


(9475607) ио!559!/4хэ уммхо 


3/12 


FIG. 3B 


FIG. 3A 


(пшуби) шшпа у 


PCT/US2019/034031 


FIG. 3C 


PCT/US2019/034031 


WO 2019/227063 


4/12 


le alu 
cela 
ELS LSU 
сарыш 


av Sls Vy ‘Sls 


51119 2 Lila! 51119 Z ілін | 


OL 


(17119 | шо 947601) 
uoissoJdxo уммхе 
> 


SL 


(1ш/би) шшпаје иешпу 


WO 2019/227063 


с 
N = 
о о 
coc 
E E 
өп 


e N - © = 


© miR-122 
4 miR-21 


(1719 | шо 947607) 
uoissaJdxo уммхо 


4 1BTLT 
4 2 BTLTs 
» 381 15 


о 
со 


40 
20 


о 
CO 


(шуби) шшпаје UBUNU 


PCT/US2019/034031 
5/12 


x W 
CN о) — 
Set Sno ДУ 
c cr mr 
Е E E 
oe 4 


rej 02 

зім 0L 

Fe 8 
m | m 
о ~ 
o = 0 
LL. 5 Ц. 

o 

- 

а 

(242501) ио!56914хэ уммхе 
< S < 
ie oo 
2 5 9 
ц. LL 


150 


(%) "Кинде 1192 


PCT/US2019/034031 
6/12 


WO 2019/227063 


26 914 96 ‘Sls 


(%)OSING (06) osa 
ч Әм ч Ою ~ бю - бы "a d s ŽI Viu 
SAMO SANA GANAS SANT МОМ ч ММ MM SNY 


сСооооо сооооо COOUDUD сооооо 


> 
z 2 > 
=| 
5 | o 
= og 
5 qu Ї “Р %°% < 
ыч © 2 SU ZL © © м z Z 
sure n 3 siuwz n 3 
Jug v 5 148 у у! 5 
ц2 ө г ц2 ө te 
9 
ч ЭР 
(9) osna (%) OSING 
~ ~ ce ow 
„М aN KN aN KNN aN KN 
соклокло OOO 61010100100 слоклоко 

> 

г 

- 
fo о 
8 2 
=. < 
SU ZZ © 2 S 
suyz n 3 = 
118 v = MJ v < 
егте г сам n 25 

119 e 


111d 


PCT/US2019/034031 


7/12 


WO 2019/227063 


LL DIA 90L ‘Sls 


0, 
(%) Аннаел ||ә> B A %) gene " 
00067 00007 00:05 000 юкә: o Soave елер Еле 
(1114) Jesu] —-—-— 
(дам) Jesu = 
о 
(1118) едип ----- = 
о 
114 7 = 
Эн = suco 
OdN = Fi sy pZ п 
с 
1114 4 3 118 v 
= JUZ e 
ч 
(%) oswa (%) oswa 
© © © © e © 
Senio Sobers chodi ыы асылы», SRN SLANO асылы 
= 
U 
т 
о 
о 
Бен 
<. 
SIUZL © = slu Z © 
зс п => siy pZ O 
118 v = 118 v 
JUZ e г JUZ e 


Зам 1114 


(лш/упш) Амлуог нал 


(пшупш) Килцэе нал 


PCT/US2019/034031 


WO 2019/227063 


8/12 


921 ‘Sis 


азам а 
сарыш e 
čelu © 


Vzel Sls 


егш п 
сарыш ө 
čelu © 


зам 


дам 


(%) osna 


S % 9 


ДЕ 
jueuneaJ 1поц ZZ 


(%) OSING 


ШЕ 


зицөцеэл INOY үс 


~“ 


па 


о 
1 


о 


ю 


e 
- 


(242801) чо!$$элАхэ уммхо 


(947607) uolssaidxa уммхе 


PCT/US2019/034031 


WO 2019/227063 


9/12 


LA Sls 


(S19 gru qui/Su) ипипату 
0006 0007 000€ 0002 000Т 000 


Замаг кек Ve қалана z 000 
d 
Н 0007 
(114) 4eeur] 
0007 
(1118) леэип --------- | ; 
Wi ж еее nergy 4 0009 
nig + 00:08 
i4 00001 
| ; ; 9656`0 = г 
ыы 9399399999399: НЕН ШЕ ыы ATIS 0007Т 


(%) Анна To 


del Sls Vel Sls 


(%) OSING 


jS 
S 47 о d$ a © 


1422 


? 142; © 
Jjpz v idee: re 
adis 48 n 
е Ө JUZ e 


(вео Ііш/ш/би) шшпају 


INA 


(%) osna 


ілія 


(s1139 ІШІш/1ш/би) шшпагу 


PCT/US2019/034031 


WO 2019/227063 


10/12 


yəm, n 
SJU Z. e 


991 ‘Sis 


(ип Алелмаје) ZZL-YILU VNUXO 


VSL ‘Sis 


sajA)ogedH 

пЕцЕшшерА 

8шёлашогу 
SIR 


~ | |, 


А РА 


Suum qorapues 


5 


32113510) 
ƏNSSI J, ЛӘАГІ 


SS 


PCT/US2019/034031 


WO 2019/227063 


11/12 


е18| -41Ш 
Leu 
9c ош 
cC Vu 


егш 
с-ш 
9zi-dlu 
A= 


O EE < O 


OE < O 


6L ‘Sis 


sinoy 


АА А ОА ally 


PREN 


PIOH 94nje1odujo | шоом JUp 


21014 


злпон 


одиод әлцебәм 


6- 


iu 


(spun Aeque) 
Jnou Jod иоіввәліхә уммхе 


(947607) 
Jnou Jed uoissaJdxo уммха 


€, 81-diW 
с-ш 
92І-ыш 
ce VM 


OE < O 


8L “Sls 


sJnoH 
ALLA ла Avg vits 


Bumodig SAISS92XJ 


9L ‘Sis 


(942607) 
оц Jed иоіввәліхә уммхе 


(%) Аиндел J129 


PCT/US2019/034031 


WO 2019/227063 


12/12 


јодиоо eAnisod 

ploy ерәш ou Jnoy 7 
PIOY Ly nou + 
бищәаа eAisseoxe 


• п < 9 О 


(одиоэ әлдебәи 


(590 |ишлшби) шшпагу 


be ‘Sls 


sunoH 
9%4қ амд, ОМ, cathy 


eg -Hw п 
рОНШ v 
9cyi IU m 
o 


(942607) 
Jnouy Jed uoissaJdxo уммхе 


есуш 


јодиоб әлцизов 


- 
2 
vt 
сч 

eo 4 


eg -Hiu 
ЖЗИ 
gz y-a! 
221-4Іш 


Фи < O 


02 914 


SJnoH 


ама VÁ VB Av 


PIOH еїрэр ON Jug 


(942607) 
Jnoy Jed ио!$$элАхе уммхе 


(пшупш) Лилвзу нал 


INTERNATIONAL SEARCH REPORT International application No. 


PCT/US 19/34031 


Вох No. П Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet) 


This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons: 


l. Claims Nos.: 


because they relate to subject matter not required to be searched by this Authority, namely: 


2; Ш Claims Nos.: 


because they relate to parts of the international application that do not comply with the prescribed requirements to such an 
extent that no meaningful international search can be carried out, specifically: 


3. Claims Nos.: 4-12, 16-23 
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a). 


Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet) 


This International Searching Authority found multiple inventions in this international application, as follows: 
This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive 
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid. 


Group I, claims 1-3, directed to a method for evaluating post-implantation performance of an implanted engineered liver tissue construct 
in a subject. 


Group ПІ, claims 13-15, directed to a method for evaluating performance of an engineered liver tissue construct in vitro. 


The inventions listed as Groups 1-11 do not relate to a single specia! technical feature under PCT Rule 13.1 because, under PCT Rule 
13.2, they lack the same or corresponding special technical features for the following reasons: 


--continued on extra sheet-- 


l. O As all required additional search fees were timely paid by the applicant, this international search report covers all searchable 
claims. 


2. Ш As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of 
additional fees. 


3. Ш As only some of the required additional search fees were timely paid Бу the applicant, this international search report covers 
only those claims for which fees were paid, specifically claims Nos.: 


No required additional search fees were timely paid by the applicant. Consequently, this international search report is 
restricted to the invention first mentioned in the claims; it is covered by claims Nos.: 


Remark on Protest The additional search fees were accompanied by the applicant’s protest and, where applicable, the 
payment of a protest fee. 


The additional search fees were accompanied by the applicant’s protest but the applicable protest 
fee was not paid within the time limit specified in the invitation. 


No protest accompanied the payment of additional search fees. 
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date and not in conflict with the аррисапоп but cited to understand 
the principle or theory underlying the invention 


| VITALONE et al. Liver microRNA profile of induced allograft tolerance. Transplantation, April 
2016, Мо! 100, Мо 4, page 781-790 (pp 1-20). Entire document, especially abstract; p. 4 and 
Table 1 


US 2017/0032100 A1 (THE TRUSTEES OF THE UNIVERSITY OF PENNSYLVANIA) 02 
February 2017 (02.02.2017) para [0035]; [0067]; [008 1]-[0083]; 10106140119) 


REHMAN et al., Liver Stem Cells: From Preface to Advancements, Current stem cell research & 
— | therapy, 1 January 2014, Vot 9, No 1, pages 10-21 (only Author Manuscript available) Entire 
document, especially abstract; p. 5, col 2, para 2; p. 7, col 2, para 1-2 


[[ ] Farther documents are listed in the continuation of Box C. — [ ] See patent family annex. | Further documents are listed in the continuation of Box C. 


Ш See patent [[ ] Farther documents are listed in the continuation of Box С. | [ ] See patent family annex. | annex. 


Бреста! categories of cited documents: 


document defining the general state of the art which is not considered 
to be of particular relevance 


earlier application or patent but published on or after the international 
filing date 


document which may throw doubts on priority claim(s) or which is 
cited to establish the publication date of another citation or other 


“т” 


“Х” document of particular relevance; the claimed invention cannot be 
considered novel or cannot be considered to involve an inventive 
step when the document is taken alone 


"Y" document of particular relevance; the claimed invention cannot be 


special reason (as specified) 


document referring to an oral disclosure, use, exhibition or other 
means 


considered to involve an inventive step when the document is 
combined with one or more other such documents, such combination 
being obvious to a person skilled in the art 


document published prior to the international filing date but later than 


“8” ment m г of the same patent famil 
the priority date claimed 8” document member of the same patent family 


Date of the actual completion of the international search Date of mailing of the international search report 


ЗОЗЕР 2019 


Authorized officer: 


10 September 2019 


Name and mailing address of the ISA/US 


Mail Stop PCT, Attn: ISA/US, Commissioner for Patents 
P.O. Box 1450, Alexandria, Virginia 22313-1450 


Facsimile No. 571-273-8300 
Form PCT/ISA/210 (second sheet) (January 2015) 


Lee W. Young 


PCT Helpdesk: 571-272-4300 
PCT OSP: 571-272-7774 


INTERNATIONAL SEARCH REPORT International application No. 


PCT/US 19/34031 


--continued from Box ||: Observations where unity of invention is lacking-- 
Special technical features: 


Group | has the special technical feature of obtaining a pre-implantation blood sample and a post-implantation blood sample from the 
subject, and measuring expression of exosomal RNA (exRNA) comprising miR-122 and miR-181a in the pre-implantation and post- 
implantation blood samples, that is not required by Group Il. 


Group ll has the special technical feature of preparing an in vitro sandwich culture comprising: incubating a layer of cells comprising 
mammalian hepatocytes in contact with an engineered liver tissue construct, obtaining a sample of supernatant from the in vitro 
sandwich culture and a sample of supernatant from a control culture comprising the layer of cells without the construct or the construct 
without the layer of cells, and measuring the expression of an exRNA comprising miR-122 in the samples, that is not required by Group 
|. 


Common technical features: 


Groups 1-1 share the common technical feature of a method for evaluating performance of an engineered liver tissue construct 
comprising: obtaining a test and contro! sample of blood or supernatant, measuring expression of ехозота! RNA (exRNA) comprising 
miR-122 samples; and evaluating performance of the construct, wherein an effective performance comprises an increased expression of 
miR-122 in the test sample as compared to the control sample. However, this shared technical feature does not represent a contribution 
over prior art, because this shared technical feature is made obvious by US 2010/0330035 А1 to Hildebrandt-Eriksen, (hereinafter 
'Hildebrandt'). 


Hildebrandt teaches a method for evaluating post-implantation performance of an implanted engineered liver tissue construct in a 
subject (para [0030] "evaluation of risk of graft rejection in liver transplanted subjects") comprising: 

obtaining a test and control sample of blood or supernatant (para |0122) "The repetition rates for dosing can be estimated based оп 
measured residence times and concentrations of the drug in bodily fluids or tissues"; [0116] "а concentration of the oligomer in 
circulation in the subject, such as in the blood plasma, is maintained at a level of between 0.04 and 25 nM, such as between 0.8 and 20 
nM"; [0340] "Northern blot analyses of RNA samples extracted from LNA-antimiR treated monkey liver biopsies performed 24 hours after 
last dose confirmed miR-122 silencing as demonstrated by dose-dependent accumulation of the shifted LNA-antimiR:miR-122 
heteroduplex and depletion of mature miR-122 compared to saline-treated control monkey samples"); 

measuring expression of a marker exosomal RNA (exRNA) comprising miR-122 samples (para [0030] "measure secretion of interferon 
responsive gene products, as a means to evaluate the risk of organ graft rejection in a subject...the kit is made for detection of IRG 
transcript or protein, to allow evaluation of risk of graft rejection in liver transplanted subjects"; [0339]-[0340] "we antagonized miR-122 in 
a diet-induced obesity mouse model using two weekly i.p. doses of 5 mg/kg LNA-antimiR for six weeks, which resulted in efficient 
sequestration of mature miR-122 and sustained reduction of total cholesterol by 3096 without any elevations in hepatotoxicity markers in 
the serum or in hepatic lipid accumulation...Northern blot analyses of RNA samples extracted from LNA-antimiR treated monkey liver 
biopsies performed 24 hours after last dose confirmed miR-122 silencing as demonstrated by dose-dependent accumulation of the 
shifted LNA-antimiR:miR-122 heteroduplex and depletion of mature miR-122 compared to saline-treated control monkey samples"); and 
evaluating performance of the construct, wherein an effective performance comprises a modified expression of miR-122 in the test 
sample as compared to the control sample (para [0338] " Moreover, i.p. delivered LNA-antimiR at doses ranging from three injections of 
1 to 25 mg/kg showed markedly improved efficiency in antagonizing miR-122 compared to mice that were treated with either cholesterol- 
conjugated antagomir-122.sup.6,21 or a phoshorothiolated LNA-antimiR with only 30% (МА and lower affinity.sup.22 
(T.sub.m=70.degree. C.) using the same dosing regimen"), yet does not specifically teach the modified expression indicative of effective 
performance is an increase in miR-122. However, since Hildebrandt teaches liver transplant rejection is a disorder is characterized by 
being sensitive to regulation of micro RNA-122 (para [0038]-[0039] "use of an anti microRNA-122 oligonucleotide in the preparation of a 
medicament for treating a disease or disorder in a subject, e.g., a primate, e.g., a human, wherein the disease or disorder is 
characterized by being sensitive to downregulation of micro RNA-122...subjects that do not respond to treatment with interferon, and 
such as prevention of organ transplant rejection, such as liver transplant rejection"), and maintaining the level of anti-miR-122 at a 
specific level in a treated subject (para [0116] "a concentration of the oligomer in circulation in the subject, such as in the blood plasma, 
is maintained at a level of between 0.04 and 25 nM, such as between 0.8 and 20 nM"), it would have been obvious to one of ordinary 
Skill in the art to have determined an increased miR-122 level compared to certain controls to be an indicator of effective performance for 
some liver graft circumstances. 


As the technical features were known in the art at the time of the invention, they cannot be considered special technical features that 
would otherwise unify the groups. 


Therefore, Group І-ІІ inventions lack unity under РСТ Rule 13 because they do not share the same or corresponding specia! technical 
feature. 


NOTE, continuation of Item 4 above: claims 4-12, 16-23 are held unsearchable because they are dependent claims and are not drafted 
in accordance with the second and third sentences of Rule 6.4(a). 
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